Abstract-This paper presents a novel approach for tuning substrate integrated waveguide resonators, realized by placing an additional metallized via-hole on the waveguide cavity. The approach presented here can be applied as a trimming technique, as well as to develop filter designs with tunable center frequencies and tunable bandwidths. Three different filters are designed and implemented, demonstrating excellent trimming, 10% tuning of the center frequency, and 100% tuning of the bandwidth, respectively.
and waveguide filters is quite similar, this simple mechanical tuning method is not applicable for SIW technology due to the compact physical structure. In addition, for SIW technology, mechanical tolerances are typically higher, and variations in the dielectric permittivity and thickness of the substrate can introduce additional perturbation in the electromagnetic response. For this reason, tuning of SIW filters is crucial to compensate for variations in manufacturing and material properties. Moreover, tuning capability could be applied as a convenient method to change the central frequency and bandwidth of the filter.
Electrically tunable resonators have been proposed in [6] where a SIW cavity resonator is combined with a surface mounted varactor to achieve a measured continuous tuning range of 1.2%. In [7] , the authors proposed the inclusion of p-i-n diodes to obtain discrete electrical tuning. Discrete mechanical tuning is proposed in [8] by opening or short circuiting a capacitive circular slot with a tuning range of 5% or by using microelectromechanical systems (MEMS) devices [9] with a tuning range of 7%. A more complex system is presented in [10] , which uses a cylinder of plasma in the resonator, but presents only simulated results.
This paper uses the tuning concept for SIW resonators described in [11] to create SIW tunable filters for the first time.
In [11] , we developed a new concept to tune SIW resonators by including a slot in the top layer and an additional metallized via-hole in the SIW cavity. The dimension of the slot is mechanically controlled by an external metallic flap. Experimental results were presented in a single resonator showing tuning ranges up to 8%. This concept was also later successfully applied for designing tunable oscillators [12] . This work is novel in at least the following four different respects.
• First, we prove that the same concept used for tunable resonators is applicable to the design of tunable filters.
• Second, we use the same tuning mechanism to control the coupling between resonators as well as the input and output couplings. This allows one to tune the filter bandwidth and also to improve the matching.
• Third, we improve the tuning element performance with the design of a new slot configuration, which provides more accurate control of the resonant frequencies.
• Fourth, new flap configurations are used in different parts of the filter network to control either the filter center frequency or the couplings between resonators. These new flaps also provide a means for better control over a continuous tuning range, as detailed in Section II. The application of the tunable mechanism is demonstrated in Section III, which presents the designs and full-wave simulations along with experimental results of three fourth-order SIW tunable filters. The first filter uses the tuning elements as trimming elements to adjust the filter response. The second filter provides a tunable bandwidth of 100% and the third filter offers a central frequency tunability of up to a 10% range.
Note as well that the tunable center frequency and tunable bandwidth can be combined together in a single filter design. This is illustrated in the design of the second filter, which is intended to demonstrate a tunable bandwidth, but which also demonstrates a tunable center frequency of up to 4%.
II. TUNABLE SIW RESONATOR
This section describes the tunable mechanism concept [11] and describes the tuning elements to be used in the following section for the design of tunable filters. Fig. 1(b) outlines a single resonating SIW cavity fed by microstrip lines. It consists of a conventional SIW resonator with an additional via-hole inside of the cavity. Details of the via-hole can be seen in Fig. 1(a) . The via-hole is partially enclosed by a circular slot connected to the top layer through a metallic contact placed at the angle . The via-hole is located in the middle of the cavity and displaced from the center by a distance . The existence of this via-hole perturbs the electromagnetic field distribution from the one in a uniform SIW resonator and this variation gives rise to a change of the resonant frequency. Details in the field distribution for both the side view and bottom view are outlined in Fig. 2 . Note that the fundamental resonant frequency of the bare SIW cavity (without a via-hole) it is essentially defined by its width . The inclusion of the via-hole results in a reduced effective width of the cavity, which results in a higher resonant frequency.
A. Tunable SIW: Concept
The position of the via-hole and the orientation of the metallic contact modifies the field distribution and affects the effective width of the cavity, therefore changing the resonant frequency. In absence of metallic contact, only with the slot, the magnetic wall provides an electric field distribution similar to that of a bare cavity [see Fig. 2(a) ], whereas with only the via-hole in the absence of a slot, the electric field is compressed and the resonant frequency is increased [see Fig. 2(c) ]. From the side view field distribution we can see how, in the case of absence of metallic contact, the field propagates through the slot as in a capacitance coupling [see Fig. 2(a) ], whereas in [see , the boundary conditions of an electric wall forces the field drop to zero, and therefore compacting the field as if it was a narrower SIW cavity. The inclusion of the metallic contact with angle provides field distributions and resonant frequencies between both the two states previously described. For , the contact is far from the maximum of the electric field, in this case being more similar to the cavity with only the slot [see Fig. 2(b) ]. On the other hand, for , the metallic contact is closer to the maximum of the electric field and the field distribution is similar to the cavity without a slot [see Fig. 2(d) ]. As concluded in [11] , the tuning frequency range essentially depends on four parameters that define the tuning element. Those parameters are as follows.
• The position of the tuning element in the cavity. Indicated by in Fig. 1(b) .
• The position of the metallic contact between the via-hole and the upper (or lower) metallic wall of the cavity. Represented by the angle in Fig. 1(b) .
• The width of the metallic contact [see Fig. 1(a) ].
• The dimensions of the slot, defined by inner and outer diameters, and [see Fig. 1(a) ], respectively [11] . Additionally, and as pointed out in [11] , the dimensions of the via-hole of the tuning element [ in Fig. 1(a) ] also has an effect on the tuning range.
As in [11] , the metallic contact will be performed by a metallic flap attached to the tuning screw, which will be mechanically controlled. The orientation of the flap, , will therefore be the tuning parameter once having been determined all other dimensions of each tuning element (position of the tuning element, , dimension of the slot, and , and via-hole dimensions, ). Also, the width of the flap must be considered as part of the definition of the tuning element. This concept is presented in Fig. 3 , and a similar approach is used in this paper.
B. Tuning Elements in SIW Filters
In order to design a tunable filter one also needs to control the coupling between resonators either because we may desire a variable bandwidth filter or because the coupling between resonators deviates when the resonant frequencies change and we need to recover the initial bandwidth. To do that we introduce a tuning element such as the one in Fig. 1 into the coupling path between resonators, as shown in Fig. 4 . Dimensions of the slot and configuration of the metallic flap need to be considered as part of the tunable filter design. In what follows, an assessment of the slot in a two coupled resonator structure is presented. Details of the metallic flaps to be used are also reported in this section.
1) Slot: Fig. 4 shows the basic structure used for the design of tunable filters. Two identical resonators (Resonator 1 and Resonator 2) are separated by an inductive coupling window. The two tuning elements placed into the resonators mainly change the resonant frequency, whereas the tuning element placed in the coupling windows mainly modifies the coupling between the two resonant modes. The configuration of Fig. 4 has been simulated with the same material parameters used in [11] , and later used in the filter designs. This is a Rogers RO4003 substrate, with relative permittivity of and 0.813-mm thickness . The loss tangent used for simulation is .
The dimensions of the cavities in Fig. 4 are set to resonate around 10 GHz when they are isolated. Then the two identical cavities are coupled together through a coupling window. The dimensions of the overall structure result in mm, mm, and mm. This results in a coupling coefficient of 0.155, without the tuning screws, due to a two-mode resonating structure with GHz and GHz. The frequencies of the two modes have been obtained through eigenmode analysis. Note that the coupling window affects not only the coupling, but also the central frequency of the two-mode structure . This is expected since both cavities are no longer isolated and therefore have different boundary conditions, causing the two cavities to load one another in such a manner as to cause the originally identical mode to split into two different modes [13] .
To evaluate the tunable performance of the basic structure of Fig. 4 , the central frequency tuning elements ( and ) are introduced in the middle of the cavity at mm from the sidewall and at mm. The dimensions of the slot are chosen to be 1.7 mm for the inner diameter and 2.2 mm for the outer diameter . The width of the metallic contact ( in the top inset of Fig. 1 ) and the diameter of the via-hole are set to 1 mm. Recall that the settings above on the central frequency tuning screw position and its dimensions affect the ultimate tuning range. A coupling tuning element is then introduced in the middle of the coupling window ( in Fig. 4 ). The presence of the tuning element in the coupling window affects the field coupled between the two cavities. In turn, the coupling tuning element modifies the boundary conditions of the resonators and thus also affects the central frequency. In spite of that, we can fairly consider that the angle would tailor the central frequency of the resonators and would control the coupling between them.
The effects of and are summarized in Table I for two values of the angles 0 and 180 , two different diameters of the via-hole , and two different positions . Note that with these angles we consider the whole range of tuning, and all the values in between can be achieved continuously. The table indicates the values of the two fundamental frequencies and for each combination of and and the resulting coupling coefficients . The value of has been calculated following the well-known expression [13] and ranges from 0.044 to 0.163. From the table we can generally confirm that for any of the tuning element dimensions and positions, when the angle of the coupling flap is fixed the value of the coupling coefficient barely changes, and only the central frequency is affected.
According to the results of Table I , the range of tuning is higher as increases and when the coupling tuning element moves out from the center of the coupling window . For mm, the coupling range is larger than 30%, and for mm, it can be increased up to 90%. Thus, depending on the application, we chose the diameter of the via-hole and its position in order to get the required tuning range. This demonstrates the usefulness of this tuning approach also for controlling the coupling between resonators. Note that modification of this configuration, as two tuning elements in the coupling window or two tuning elements in the cavity, would also be used for further controlling the tuning performance. In order to further illustrate the design and placement of the coupling tuning element on the coupling window , Fig. 5 depicts the value of the coupling coefficient for several positions of the tuning element ranging from mm to mm as a function of the angle of the metallic contact. For this parameterization, the width of the metallic contact and the diameter of the via-hole are fixed to 1 mm. The results in Fig. 5 show how, for positions where the tuning element is closer to the lateral wall ( small), the coupling decreases when the angle of the metallic flap increases. This has the effect of making the coupling window narrower. On the other hand, when the position of the coupling tuning element gets closer to the coupling wall, the coupling window is narrower for smaller angles. Note that this type of parameterization is very useful in a design process since it sets the position of the tuning element for a desired range of tunability. From this assessment, it might be also concluded that for a given via-hole , slot ( and ) and metallic flap dimensions of the coupling tuning element of the tuning range (difference between the maximum and minimum coupling values) barely changes and the achievable coupling is controlled by the position of the coupling tuning element .
2) Flap:
In contrast to our previous work, where a simple screw with a single straight metallic flap was used (see details in Fig. 3 ), in this work several flaps have been considered in order to offer a better control of the tuning requirements for a filter implementation. Fig. 6 shows three different configurations of the flap. The flaps would be attached to the tuning screw and to the top layer of the SIW cavity, therefore defining the length of the slot (or width of the metallic contact ). These flaps will be used in the filters presented in the following section. Although further details will be given, the main differences between the flaps of Fig. 6 are the width of the flap and position. The first flap on the left is designed for half slots and short tuning range, where the slot progressively covers all the slot. The third flap, in contrast, has a small metallic part, covering a small part of the slot, and then resulting in a wide tuning range. Finally, the flap in the middle is designed to produce a symmetrical coverage of the slot, which shows to be convenient when a symmetrical input and output reflection coefficients are required.
III. TUNABLE SIW FILTER
This section uses the tuning elements above for further development of the tuning concept. To do that, several tuning effects have been applied into three filter designs. Initially, all filters (without tuning elements) consist of conventional four-pole Chebyshev filters centered at 10 GHz with 8% of fractional bandwidth (FBW) with targered return losses of 20 dB. This sets the required coupling between resonators and the coupling between the input/output ports to the first/last resonators by means of the coupling matrix. For a fourth-order Chebyshev filter with 20 dB of return losses, the resulting normalized coupling matrix is (1) which is then used to obtain the coupling coefficients by multiplying for the FBW. This results in the required coupling coefficients ranging from 0.09 to 0.06. Note that those values are similar to the ones outlined in Fig. 5 . It should also be mentioned that they do not have to be equal since the coupling window is not the same as in the filter designs. The dimensions of the coupling windows on the resonator topologies have been designed to achieve the couplings obtained from the synthesis.
Tuning elements for the central frequency of each resonators, for couplings between each pair of consecutive resonators, and also for the input and output coupling, have then been included into the filter configurations. To illustrate this we can see a photograph of the filter in Fig. 7 . This photograph numbers each cavity (1-4), with their corresponding frequency tuning elements, , the coupling element between cavities and , , and also between the source and the first cavity, , and the coupling element between the last cavity and the load, . Dimensions and positions of these elements have been selected for the desired functionality. This is for trimming purposes, bandwidth tunability, and central frequency tunability. Details on the three designs appear below.
A. Trimmed Filter
In the first example the tuning approach is used as a trimming technique in order to recover the desired filter performance, initially deviated due to fabrication tolerances.
Since the expected deviation is small, the placement and design of the tuning screws are set for a short turning range, enough for small adjustments. Note that, as stated in [11] , small tuning range results in fairly constant values, which ensures the flatness and selectivity of the filter. Fig. 7 shows the fabricated filter without the tuning screws. The half slots combined with the flaps of Fig. 6 (first on the left) allows for a small tuning while preserving most of the factor. Those tuning elements are placed close to the metallic wall, also for the purpose of barely affecting the initial field distribution, and therefore with a small effect on the resonant frequency.
The tuning elements in this case are all equal, except for the one in the middle, . The first and last tuning elements ( and ) control the input and output couplings of the filter and are highly related with the reflective coefficients. The tuning element controlling the coupling between resonators 2 and 3 is set in the middle of the filter and has been chosen to be different just for preserving the symmetry on the structure. For the same reason this slot is using the second flap in Fig. 6 (the  flap in the middle) . The diameter of the via-hole of the tuning elements , and the inner and outer diameter of the slot ( and ) are 1, 1.7, and 2.2 mm, respectively. Fig . 8 shows the response of the filter before and after the trimming process. The dashed line shows the full-wave simulated response (Ansys HFSS v15) of the initial filter (without tuning elements), and therefore the expected from the measured response. In grey we show the measured response of the filter when the tuning elements are set to cover half the slots on Fig. 7 . Note that this should result in the design response (denoted via the dash), however, some disagreement can be observed in the reflective response. The trimming process then starts by moving the tuning screws (see details in the inset of Fig. 8 ) and uncover part of the slot. The resulting response after the trimming process is depicted via the black solid line in Fig. 8 . We can see a fairly good agreement between the simulated and measured filter response after trimming. Note as well that the input and output reflection coefficients reveal symmetry, as expected from the initial design, and ensured from the slot and flap distribution and configuration along to the filter topology.
B. Bandwidth Tunable Filter
The second filter configuration is outlined in Fig. 9 with tuning screws of 1-mm diameter to obtain a medium tuning range both on bandwidth and/or on the central frequency. In contrast with the previous case where only half slots were employed, in this case full slots are used in order to increase the tuning range. As stated above it also consists of a four-pole order filter centered at approximately 10 GHz. In contrast from the previous filter of Fig. 7 , the coupling windows between resonators have been arranged differently only for a better location of the tuning elements. The slots corresponding to these central frequency tuning elements are placed in the middle along the cavity and close to the metallic wall and in the side where the coupling wall exists. This is convenient to reduce the effect of these tuning elements to the coupling between resonators. On the other hand, the coupling tuning elements are located along the coupling wall, as outlined in Fig. 4 . For the input and output coupling ( and ) and for the coupling between the first and second resonators and for the coupling between the third and fourth resonators , a single tuning element is used to control the coupling. Whereas for the coupling between the second and third resonators , two tuning elements are symmetrically located for the control of such coupling. Note also that they are half slots. The main reason for that, as in the previous case, is preserving the symmetry of the whole structure, even when tuning elements are inserted.
The tuning elements are then finalized by the inclusion of the metallic flaps. In this case and in order to obtain a wider tuning range, the flap configuration shown on the right side of Fig. 6 is used. The width of the flap is chosen to be mm, equal to the diameter of the tuning screws in order to optimize the tuning range. The inner and outer diameters of the slot ( and ) are chosen as in the previous filter.
The tuning screws are then used to prove a variable bandwidth. Fig. 10 shows the simulated and measured responses for the case where the maximum bandwidth can be achieved (grey traces in Fig. 10 ) and with the minimum bandwidth (black traces in Fig. 10 ). At this point it is worth mentioning that due to the symmetry of filter configuration the position and angle of the tuning elements are set to also be symmetrical. This is , , , and . Table II shows the angle of the tuning elements for both configurations, where 0 is for the flap pointing outside the filter and turns towards the nearest port, thus preserving the symmetry. The terms and indicate the rotation angle of the central frequency tuning screws of resonators 1 and 2, respectively. On the other hand, the term corresponds to the rotation angle of the tuning element setting the input external coupling. Finally, the terms and give the angle of the tuning elements for the coupling between the first and second resonators and between the second and third resonators, respectively. Note that the structure includes two tuning elements in the center for coupling between the second and third resonators, pointing in opposite directions in order to preserve the symmetry. The position of the metallic flaps have been marked on the top part of the tuning screw in order to know their positions while tuning. From this view we can confirm the symmetry between the position of the tuning screws.
The values detailed in Table II , for the tunable bandwidth filter (second and third rows), indicate that for the narrower bandwidth filter the coupling window should be narrower, whereas for the broader bandwidth filter the window should be wider. Values of the table also reveal that the tuning elements corresponding to the central frequency of the resonators are barely moved and only for sake of preserving the central frequency and good reflection coefficient.
According to simulations and measured results the filter bandwidth can be tuned up to a 100% so the bandwidth of the filter could be doubled. Simulated and measured responses agree fairly well in both case.
As an illustrative example, we use this filter to evaluate the possibility of applying both functionalities' central frequency and bandwidth tunability in a single design. Fig. 11 shows simulated results of how the central frequency can be shifted starting from the filter with higher bandwidth. With this layout a tuning range of the central frequency of 4% could be obtained. For higher tuning ranges we would need to introduce larger tuning screws in the resonators.
C. Frequency Tuned Filter
The last filter has been designed to offer a wider tuning range of the central frequency. As indicated in the example above this requires larger tuning elements for the central frequency of each resonator. This new filter configuration is outlined in Fig. 12 . In this case we preserve the same topology and dimension of the previous filter (Fig. 9) , except the diameter of central frequency tuning screws. The diameter of the via-hole is mm with an inner and outer slot radius of mm and mm, respectively. The objective of this configuration is to shift the central frequency up to 10%. Fig. 13 shows the simulated and measured filter responses of two stages of the tunable filter. The passband of the filter has been shifted up to a 10% in this case, from 9.5 to 10.5 GHz. Measured and simulated responses show the same range of tunability and both responses agree fairly well in both tuning stages. The values of the rotating angles for both stages are detailed in rows 4 and 5 of Table II . These values reveal that the frequency tuning has been mainly obtained by shifting the position of the central frequency tuning screws, additional adjustment of the coupling tuning screws is required in order to preserve the bandwidth and good matching throughout the whole bandpass of the filter.
Note that, although only two stages have been shown, in the previous two examples a continuous tunability is possible.
IV. CONCLUSION
The paper has demonstrated the use of open slots and tuning screws as a useful approach for the tunability of SIW structures. Accurate analysis of the role of each tuning element in coupled resonator structures has been reported. Several examples of filters have then been presented to demonstrate the usefulness of the approach in a trimming problem in a tunable bandwidth filter and in a tunable central frequency filter. The designs presented in the paper show up to a 100% of bandwidth increment and a 10% of tunability of the central frequency. A single filtering structure has also been used to demonstrate the three functionalities, and at the same time achieving a filter with a bandwidth tunability up to a 100% and a central frequency tuning of 4%. Additionally and taking into account that the tolerances in the dielectric constant and fabrication process may produce lack of accuracy in the measured response, the inclusion of these tuning screws have also been proven to be useful as a trimming element to obtain an improved performance of the filters. In this way, we avoid the repetition in the fabrication of filters to comply with the desired response or the necessity of very accurate and expensive fabrication technologies.
Note moreover that the same concept could be directly applied to a more compact and integrated configuration such as MEMS as a mechanical tuning component.
